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Abstract. Quantifying the impact of rotational-Raman scat- been compared with those of fluorescence for several solar
tering (RRS) on the ® A- and B-bands is important as Fraunhofer lines in the visible and near infrar&ibgis et al,
these bands can be used for cloud and aerosol charactei2003. However, RRS effects are worthy of further consider-
zation for trace-gas retrievals including g@nd CH,. In ation, owing to the high accuracy and precision requirements
this paper, we simulate the spectral effects of RRS for vari-placed on CQ retrievals to be used for carbon assessment
ous viewing geometries and instruments with different spec<{e.qg.,Crisp et al, 2004.
tral resolutions. We also examine how aerosols affect the Recent advances in the satellite retrieval of chlorophyll
amount of RRS filling-in. We show that the filling-in effects fluorescence in the NIRGuanter et a).2007, 201Q 2012
of RRS are relatively small, but not negligible, in thesg O Joiner et al.2011 2012 Frankenberg et al2011ab) also
absorption bands, particularly for high-spectral-resolutioncall into question the role of RRS in this spectral region. For
instruments. For comparison, we also compare and conexample,Joiner et al.(2011 2012 examined the filling-in
trast the spectral signatures of RRS with those of terrestriabf various solar Fraunhofer lines in the NIR and found the
chlorophyll fluorescence. effects to be generally small, but not negligibleranken-
berg et al.(2012 showed that systematic biasesitO,
can be as large as 1 ppm if chlorophyll fluorescence in the
O2 A-band, amounting to 1% to the continuum level radi-
ance, is neglected. While RRS was not considered in that pa-
per, it produces similar spectral effects on TOA radiances and
'should be examined in that context.

In this paper, we detail the effects of RRS in the &
and B-bands under various conditions. For comparison, we
simulate the effects of chlorophyll fluorescence in the same
bands. We also examine the impact of aerosol and thin clouds

2019 O’.DeII et al, 2012. Additive signals that contnbu.te on both RRS and fluorescence additive signals within these
to satellite-measured top-of-the-atmosphere (TOA) rad'anc%bsorpti on bands

in the @ A- and B-bands can bias these retrievals. One
type of additive signal that can produce a filling-in of deep
telluric NIR absorption features, such as those in the O 2 Radiative transfer simulations

A- and B-bands, is atmospheric rotational-Raman scattering

(RRS) of N and G molecules. RRS has been neglected in2.1 Rotational-Raman scattering

the NIR spectral region, because the amount of atmospheric

molecular scattering is low at these wavelengths. RRS efWe compute inelastic rotational-Raman scattering (RRS) in
fects in the Q@ A-band have been quantified in the literature the GO A- and B-bands using the Linearized Discrete Ordi-

(Sioris and Evans2000. RRS filling-in effects have also nate Radiative Transfer (LIDORT-RRS) codepfrr et al.

1 Introduction

Near-InfraRed (NIR) retrievals of trace-gas concentrations
such as of CQ and CH,, as well as terrestrial chlorophyll
fluorescence often use information derived from ®and

B absorption band measurements (eReuter et al.201Q
Yoshida et al. 2011, Crisp et al, 2012 Guanter et aJ.
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at a solar zenith angle (SZA) of 45for both bands.
This gives a surface fluorescence radiance at 762nm of
~ 1.0mW n? srinm~1. This value of surface fluorescence
| |, radiance near the £OA-band is typical of observed terres-
trial chlorophyll fluorescence values within the @-band
spectral range and corresponds to approximately 1 % of the
Fig. 1. Rotational-Raman spectra@f) N, and(b) O, for excitation ~ continuum level radiance at a surface albedo of 30 %.
wavelength 760 nm. Line strengths are normalized such that the sum
over all lines is equal to unity.
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2.3 Satellite instrument simulation

2008. LIDORT-RRS allows for accurate radiative transfer Quasi-monochromatic computations are carried out at a
(RT) calculations in the presence of cloud/aerosol scatteringspectral sampling of 0.01 nm, that of the solar irradiance ref-
Oxygen absorption coefficients are calculated using a lineerence spectrum frol@hance and Kuruc2010 in which
by-line code with spectroscopic absorption line parametersigh-spectral-resolution spectra were convolved with a Gaus-
from the Hlgh-resolution TRANsmission (HITRAN) molec- sian response function with a full width at half maximum
ular absorption databasBgthman et a) 2005 and the Voigt  (FWHM) of 0.04 nm. For evaluation purposes, we also per-
line shape profile. A single mid-latitude profile of tempera- form a limited number of RT computations with higher spec-
ture/pressure was used in the computation of the absorptiotral resolution and sampling (sampled at 0.001 nm) using
coefficients. the solar irradiance spectrum frokarucz.harvard.edu/sun/
For reference, Figl shows the rotational-Raman spec- irradiance2005/irradthu.dé& AppendixC. The latter sam-
tra of N, and @ computed as ifJoiner et al.(1999 at a  pling requires an order of magnitude more computational re-
temperature of 273K for an excitation wavelength near thesources for a given calculation.
02 A-band (760nm). The rotational-Raman lines peak at Computed TOA radiances are convolved with Gaussian re-
around43-4 nm from the excitation wavelength and extend sponse functions having various values of the FWHM. The
to approximately=10 nm. Therefore, the spectral response chosen FWHMs (0.03, 0.1, 0.5, and 1 nm) are representa-
of RRS is not the same as that for an additive signal as is moréive of existing and future satellite instruments. They include
the case for chlorophyll fluorescence. However, the overallhigh-spectral-resolution instruments such as the Fourier
spectral effects of the RRS and fluorescence signals are simFransform Spectrometer (FTS) on the Japanese Greenhouse

ilar, as will be shown below. gases Observing SATellite (GOSATKze et al, 2009 and
the Orbiting Carbon Observatory 2 (OCO-Zrisp et al,
2.2 Chlorophyll fluorescence 2004 and moderate-spectral-resolution instruments such as

the SCanning Imaging Absorption spectroMeter for Atmo-
The TOA fluorescence signal is calculated approximately usspheric CHartographY (SCIAMACHY) instrument aboard
ing the quasi-single scattering approximation, i.e., EnviSat Gottwald et al. 200§ and the proposed FLoures-

cence EXplorer (FLEX)Rascher2007). However, note that
I()) = o(A) exp—(ta(A) + s+ TR(A) /2) / co96) ], (1) convolution of these instrument response functions with the

solar spectrum o€hance and Kuruc@010 (that has spec-
where It is the fluorescence radiance at the surface (astral resolution similar to our highest spectral resolution sim-
sumed to be isotropicy, is the viewing zenith angle (VZA), ulation) will somewhat underestimate solar line filling as
a(A) and tr(1) are the absorption and Rayleigh optical shown in AppendixC.
thicknesses of the atmosphere, respectively, @pe (1 — For reference, the solar irradiance spectrum convolved
g) is the scaled aerosol optical thickness, wheres the  with the chosen response functions is shown in Eitn the
aerosol optical thickness (assumed to be spectrally indeperspectral ranges selected around theA@and B-bands. It is
dent within the @ A-band) andg is the asymmetry parame- seen that these spectral ranges contain several deep Fraun-
ter of the aerosol phase function. For non-absorbing wavehofer lines. RRS fills in Fraunhofer lines due to spectral
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Fig. 2. Solar irradiance in the vicinity of ©B (top) and Q A (bot- Fig. 3. TOA radiances, inelastic (top) and elastic (bottom) for
tom) bands. SZA =45, at nadir, and surface reflectivity 0.3.

transport of energy from wavelengths in the vicinity of the gnces are small as compared with the elastic radiadges,
lines. The filling-in is larger for deeper lines. The inelastic radiances are positive within the ®&-band
where the amount of outgoing Raman scattered light from
those wavelengths is less than the amount of incoming Ra-
For simplicity, we assumed a spectrally independent Lam-Tan s_cattere(_j light from excitatiqn wavelengths in the sur-
bertian surface with reflectivitie® =30% in the Q A- :g%r:?:‘ng‘Zosr;]tgnul:g;nr'szzfr;ivneé;e |fhtrug_§;\;lv§velengths near
band and 5% in the HB-band. These values are typical Figure 4 shows the percent o?iffereence beMeen the to-
for vegetated surfaces. The TOA simulations are performec{al a?’ld elastic radiancgs also known as the filling-in fac-
for three solar zenith angles (20, 45, and’)7@t various !

viewing zenith and azimuth angles appropriate for typical tor, i'e".I”S/Ie x 100 (in %) Uoiner et al. 1999 for wave-
satellite observations. lengths in and surrounding thex@.- and B-bands. Within

deep telluric @ A-band absorption lines where elastic ra-
diances are small, the filling-in can be as large as 2% for

2.4 Surface specification and viewing geometries

3 Results and discussion high-spectral-resolution instruments. Note that the filling-in
does not decrease linearly with increasing FWHM within
3.1 RRS effects for molecular scattering only the & A-band. For relatively low-resolution instruments

(FWHM =1nm), the maximum filling-in within the ©
Figure3 shows TOA elasticfg) and inelastic {rs) RRS ra-  A-band is< 0.2 %.
diances calculated for SZA =4%nd observations at nadir It can be seen that values of the RRS filling-in in the O
for a clean sky (i.e., aerosol free). The inelastic RRS radi-B-band are significantly lower than in the @-band despite
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T 05 ] . , .
o - 1 Figure 6 shows the TOA fractional fluorescence radiance
0oL 4 (defined as a ratio of fluorescence radiance to elastic radi-
5 1 ance) computed for SZA =4%nd observations at nadir at
050 e wavelengths in and surrounding the & and B-bands. For
758 760 762 764 766 768 770 this viewing geometry and a substantial amount of assumed
Wavelength (nm) chlorophyll fluorescence (2mwWmsrinm! at the two

emission peaks), the fractional fluorescence signal is signif-
icantly higher than that of RRS. The spectral effects of flu-
orescence and RRS filling-in are similar within this spectral
region though some small differences are observed. For ex-
ample, the fluorescence spectral response contains a slight tilt

the fact that there is more atmospheric scattering at the Oacross this wavelength range, owing to the Gaussian shapes
B-band. This is explained by the fact that absorption lines inof the emission features.

the O A-band are much deeper than in the ®band. Thus, The relative ratio of fluorescence to RRS filling-in within
the filling-in from Raman scattered light coming from exci- the G A-band depends upon the FWHM. At high spectral
tation wavelengths in the surrounding continuum in terms offesolution (FWHM=0.03nm), the fractional fluorescence
percent of radiance is larger in thes@-band than in the  Signal exceeds that of RRS by a factor of about 2 at the center

O, B-band. The remainder of the paper will therefore focus Of the G, A-band, while at FWHM =1.0 nm fluorescence is

Fig. 4.Percentage of filling-in from RRS for SZA = 45at nadir, for
wavelengths in and around the @-band and surface reflectivity
0.05 (top) and @ A-band and surface reflectivity 0.3 (bottom).

primarily on the filling-in of the @ A-band. larger than RRS by a factor of 6.4. Note that we have sub-
tracted the fluorescence signal in the continuum from the to-
3.2 RRS viewing angle dependences tal fluorescence signal to enhance the spectral comparison

with RRS effects.
The VZA dependence of the maximum RRS filling-in at  The O, B-band is spectrally located near the peak of the
wavelengths with large RRS effects within the @-band 685 nm fluorescence emission feature. Therefore, the total
(760-762nm) is shown in Fig.for SZA=45and 70ataz-  percentage of the contribution of fluorescence to the TOA ra-
imuth angle of 90. The RRS filling-in increases with VZA,  diance is much higher in thes®-band as compared with the
owing to increased photon path lengths and thus increasegd, A-band. However, when the fluorescence signal is nor-
probability of Raman scattering. At SZA=23he filling-in  malized with respect to the continuum, the relative fluores-
at 60 VZA doubles as compared with that at nadir. cence contribution to the TOA radiance in the B-band is

somewhat lower than in thesQ\-band. This is explained by

Atmos. Meas. Tech., 6, 981990, 2013 www.atmos-meas-tech.net/6/981/2013/
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Fig. 6. Percentage of the contribution of fluorescence emission 0o, F\WHM=0.1nm. SZA =48. at nadir. for wavelengths in and

TOA radiance for SZA =45, at nadir, for wavelengths in and sur- - g,rrounding the @ B-band and surface reflectivity 0.05 (top) and
rounding the @ B-band and surface reflectivity 0.05 (top) and O - o, A-pand and surface reflectivity 0.3 (bottom). All curves normal-
A-band and surface reflectivity 0.3 (bottom). ized to a value of zero at 686 nm (top) and 758 nm (bottom).

deeper absorption lines in the;@-band as compared with  |g\ver than in the © A-band by a factor of approximately 3

the @ B-band. due to less-deep absorption lines in theBband.
A direct comparison of the spectral RRS and fluorescence

signals at wavelengths in and surrounding the A and 3.4 Aerosol and cloud effects on RRS

B-bands is shown in FigZ for FWHM =0.1 nm along with

the radiance response for a surface pressure change of 3hR&e carried out RT computations in the presence of
Again for clarity, the fluorescence spectral response has beeaerosol/cloud with various optical depths and layer heights.
normalized with respect to the continuum value. A value of Aerosol/cloud scattering is assumed to be in accordance with
0.5mWn12sr I nm1is used for the peak fluorescence. At the Henyey—Greenstein (H-G) phase function with an asym-
this low level of fluorescence radiance, the fractional RRSmetry factor of 0.7 for aerosol and 0.85 for clouds. The sim-
and fluorescence signals are similar, and both are also similaslified H—-G phase function is adequate for our purpose of ex-
in magnitude to the small surface pressure change. Howevegmining the qualitative effects of aerosol/cloud on RRS and
there are some subtle differences. For example, surface prefluorescence. We characterize the aerosol scattering effect
sure change does not fill in solar Fraunhofer lines, wherea®n RRS (fluorescence) through a fractional difference of the
both RRS and fluorescence produce a solar filling-in signal TOA inelastic (fluorescence) radiance between aerosol and
It should be noted that the spectral RRS, fluorescence, anderosol-free casesi;(t) — I;(t = 0))/Ie(tr = 0) x 100 (in
response for a surface pressure change in thB-Band are %), wherel, is either RRS s or fluorescencé radiance and

www.atmos-meas-tech.net/6/981/2013/ Atmos. Meas. Tech., 6, 9H06-2013
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illing

aerosol plume withr =1.0. The aerosol plume has a geo-
metrical thickness of 1 km with a plume-top height of 3km. (; 5
In general, the aerosol effect on RRS is small. The presencé
of aerosol increases inelastic radiance within oxygen absorp-
tion lines and decreases it beyond the absorption lines, i.e.,
in the continuum. The total aerosol effect is complex because )
of two opposing tendencies. Aerosol partly screens the at- o e e L L
mosphere below the plume, decreasing photon path lengths. 758 760 73& 764 766 768 770
. . avelength (nm)

However, aerosol also increases photon path length, owing to
scattering between the bright ground and aerosol layer. Thejg g Top: RRS filling-in computed for conditions similar &oris
relative increase of the inelastic radiance owing to aerosoknd Evang2000 with their definition of filling-in (see text). Bot-
is larger for lower values of the FWHM. The aerosol effect tom: filling-in computed for the same conditions with our definition
on inelastic radiance depends on aerosol optical depth andnd different spectral resolutions.
height. RT computations far=0.15 show that the effect de-
creases by a factor of 4 as compared with =1.0. Increase
of the aerosol plume height also decreases the aerosol effectouds can slightly increase the cloud effect on RRS as com-
on RRS. For example, the aerosol effect at1.0 decreases pared with cloud-free case. This case is quite similar to the
by a factor of~ 1.8 when the aerosol height increases from aerosol effect discussed in the previous paragraph.
3to 10 km. The aerosol effect on the TOA fluorescence is quite sim-

We looked at the cloud effect on RRS in terms of the max-ple: the presence of aerosol reduces the fluorescence signal
imum of the fractional inelastic radiance difference betweenaccording to Eq. (1). The fractional TOA fluorescence radi-
cloudy and cloud-free cases. The presence of low-altitudeance difference between aerosol and aerosol-free cases, i.e.,
clouds substantially increases the cloud effect on RRS wittthe difference normalized by the TOA radiance, significantly
increasing cloud optical depth (COD). Varying COD from 1 depends on wavelength. It is interesting that the presence of
to 50 enhances the cloud effect on RRS by a factor of approxaerosol reduces the fractional fluorescence signal most sub-
imately 2. For brighter clouds, i.e., optically thicker clouds, stantially in the spectral range of strong absorption.
the increase of photon paths above the cloud due to reflec-
tion from the cloud prevails over the decrease of RRS due to
screening of the atmosphere below the cloud. The presencgé Conclusions
of high-altitude clouds mostly decreases the cloud effect on
RRS with increasing COD; i.e., screening of the atmospheréRRS produces a signal within the@- and B-bands spec-
below the cloud plays the main role. However, optically thin trally similar to that produced by chlorophyll fluorescence

Atmos. Meas. Tech., 6, 981990, 2013 www.atmos-meas-tech.net/6/981/2013/



A. Vasilkov et al.: Raman scattering in absorption bands 987

25T R 2
[ FWHM=0.03nm ] [ FWHM=0.03nm
i FWHM=0.1 8 20F —_ FWHM=0.1nm ]
2.0 = 7] i ___ FWHM=0.5nm 1
= L FWHM=0.5nm i ’\? r  FWHM=1.0nm
S [+ FWHM=L.0nm ] < 1.5F -
£ 15- . c i
g | 1 2 1of ]
< 10F 1 o !
%) i 1 1% i
o - ]
c | Z o5
051 ] 0.0~ 3
0.0l ] 056
0.01 758 760 762 764 766 768 770
Continuum fraction (%) Wavelength (nm)

Fig. 10. RRS signal defined as a percentage of the spectral elasFig. 12. Similar to Fig.4 but computed with the higher-spectral-
tic radiance versus the RRS signal defined as a percentage of tHgampling solar irradiance (0.001 nm).

continuum level radiance at 758 nm. Every point represents a wave-

length around the @ A-band. Only positive filling-in values are

shown. Input parameters are similar to those used in4ig. 3 T ]
S 1
5 E T T T L R B ~ L i
g FWHM=0.03m | £ T ]
N3 FWHM=0.thnm 1 2 2| ]
E __ FWHM=0.5nm E = [ FWHM=0.03nm ]
— E __ FWHM=1.0nm 1 0 r ' 1
X 3f E d L _ FWHM=0.1nm ]
= 1 x — FWHM=0.5nm 1
T : E 1@ _ FWHM=10mm ]
jo)) E ] =] |- 4
22 1 E \ ]
= F ] S 1
o E g r S ]
C 1F = r 1
I E 3
E ] or_. . . | . . . | . . . | . . ]
0 E 0.0 0.2 0.4 0.6 0.8
E E Surface albedo
'1 E P T P E

Fig. 13. Maximum percentage of filling-in within 760—-762 nm due
to RRS as a function of surface albedo for SZA £ 4% nadir.

758 760 762 764 766 768 770
Wavelength (nm)

Fig. 11.Similar to Fig.4 but SZA=70C.

of the continuum radiance. We provide an example of di-

rect comparison of both definitions in Appendix A. Use of
and variations in surface pressure. At moderate solar zenitifferent definitions of filling-in may lead to somewhat dif-
angles, the magnitude of RRS filling-in is similar to that from ferent conclusions regarding the importance of RRS, par-
a terrestrial chlorophyll fluorescence emission with the peakticularly within the @ A-band. Our calculations and def-
value of ~0.5mWnt2sr1nm1 or from a surface pres- inition lead to the conclusion that while the RRS effect is
sure change of 3hPa. The RRS filling-in of @absorption  small it may be non-negligible even at moderate solar zenith
lines increases for larger SZAs and VZAs. The percentage ofngles with respect to fluorescence and surface pressure re-
RRS filling-in in the @ B-band is less than in thex@&\-band. trievals relevant also to CO, retrievals. However, this con-
The presence of a low-altitude aerosol plume may slightly in-clusion may depend upon the level of instrumental noise for
crease inelastic radiance and thus increase RRS filling-in. Foa given instrument, particularly for high-spectral-resolution
an aerosol plume with =1 and height of 3 km, the fractional instruments that resolve deep absorption lines. For such in-
RRS filling-in increases by about 30 % in the center of the O struments, high values of the RRS filling-in, defined as the
A-band as compared with the aerosol-free atmosphere. ratio of inelastic radiance to elastic radiance, may be close to

Note that our definition of RRS filling-in differs from that the noise level within the cores of deep absorption lines that

of Sioris and Evang2000, who define it as a percentage produce low radiances.

www.atmos-meas-tech.net/6/981/2013/ Atmos. Meas. Tech., 6, 9H06-2013
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It has been shown that a fluorescence signal of 1% of theAppendix B
continuum level radiance around the @-band may bias
xCQp, retrievals by~1 ppm Frankenberg et al2019. As- Computed filling-in for SZA=70°
suming linearity under similar conditions, RRS may produce
a bias of the order of 0.25ppm inCO,. Note that com-  For comparison, Figll is similar to Fig.4 but shows the
parable TOA RRS and fluorescence filling-in signals usingspectral RRS filling-in in the ® A-band for SZA=70.
our filling-in definition result from different originating radi- At high spectral resolution, the increase from SZA=45
ance values when defined in terms of continuum level radito SZA=70 at the wavelength with the largest filling-
ances (typical RRS radiances ar®.04 % of the continuum in is about a factor of 2. At lower spectral resolution
level radiance in the ©A-band at surface albedo of 0.3 for (FWHM=1nm) the increase is approximately a factor of 4.
instruments with spectral resolution better than 0.1 nm). At
first look, the comparable RRS and moderately low fluores- .
cence spectral filling-in signals (with our definition) in the Appendix C
02 A-band may seem to be paradoxical, because RRS radi-
ances are much lower than fluorescence radiances in ternﬁ
of percentage of the continuum radiance. An explanation o
this paradox lies in different mechanisms of formation ofA

TOA RRS and _fluorescence signals. Fluorescence, emit.tegnce solar irradiance fro@hance and Kuruc2010 and the
at the surfa}ce, Is strongly attenuated by oxygen absorptlogolar irradiance with higher spectral sampling fraorucz.
when passing to the top of the atmosphere. The RRS raOIIF1arvard.edu/sun/irradiance2005/irradthu.x;laubws that dif-

ance is prqduced by Raman scattering throughout the entirfeerences between them are generally very small except for
atmospheric photon path. Even though the RRS photons proz few narrow and deep Fraunhofer lines beyond the O
duced in the lower layers of the atmosphere can be absorbed -1 The use of the higher-spectral-sampling solar ir-

b.y. Iaygrs above, the end effect IS that significant TOA RRSradiance produces larger values of the filling-in of those
filling-in can be produced with relatively low values of RRS - ;

. . Fraunhofer lines (Figl2).
radiance as compared with fluorescence.

omputed RRS filling-in with higher-spectral-resolution

comparison of the RRS filling-in computed using the refer-

Appendix A Appendix D

Comparison of filling-in with results of Sioris and Evans Computed RRS filling-in dependence on surface albedo

(2000 We carried out radiative transfer simulations in thge &
band for values of the surface albedo between 0 and 0.8. Fig-
ure 13 shows that for moderate- and low-resolution instru-
ments, the RRS filling-in dependence on surface albedo in
the @ A-band is similar to that shown for filling-in of solar
Fraunhofer lines (see Fig. 2 dbiner et al.(2004, which

also shows some variation in this behavior as a function
of viewing geometry); at low surface albedos (between ap-

~ 1 cm L. Figure9 shows the results where we define filling- ) A o
. L . 2 proximately 0 and 0.2), the filling-in decreases with increas-
in as inSioris and Evan$2000, referencing the RRS radi- . S

. ing surface albedo. For high-resolution instruments, the tel-
ance to that of the continuum. Our results are very compara: = e o .

C ) luric RRS filling-in increases with increasing surface albedo.
ble to those oBioris and Evan§&000 in terms of both spec- LY ; o )
. . The absorption line depth increases with increasing surface

tral dependence and magnitude. Fig@ralso shows com-

puted filling-in as defined above and used throughout thealbedo' Whgr} mtjmduql absorption I|_nes are sp_ectral.ly re-
: L A : : solved, the filling-in (defined as the ratio of inelastic radiance
manuscript. Our definition of filling-in provides much higher

values within the @ A-band, particularly at high SZA. We to the TOA radiance) then increases with surface albedo.

directly compare two definitions of the RRS signal in Hi@. Figure 13 shoyvs that the R.RS filling-in dependence on
: . surface albedo is very small in the albedo range of 0.2-0.8
that shows RRS signal defined as a percentage of the speg- .
. ) : A typical of vegetated and snow-covered land) for moderate-
tral elastic radiance versus the RRS signal defined as a pe}-

. : o low-resolution instruments. Variations for high-spectral-
centage of the continuum level radiance at 758 nm. Every L L :
. : ; resolution instrument are larger and similar in magnitude to
wavelength is shown as a point on this plot.

changes across a wide satellite swath as shown inSFig.

addition, for low-resolution instruments the surface albedo
dependence on RRS filling-in could be important for the
O, B-band where surface albedos are typically lower over

The focus of our work is somewhat different from that of
Sioris and Evan$2000 who presented calculations primar-
ily at high solar zenith angles (near90Here, we attempt to
reproduce the filling-in reported yioris and Evang2000

for nadir observations at high SZA (89with surface albedo
of zero. Our calculations are done with FWHM =0.06 nm or

Atmos. Meas. Tech., 6, 981990, 2013 www.atmos-meas-tech.net/6/981/2013/
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land. We note that the surface albedo dependence may pro- tion fluorescence from space measurements, Geophys. Res. Lett.,

duce some spatial structure in the observed filling-in from
space-based instruments.
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